Introduction
Amyotrophic lateral sclerosis (ALS) is a progressive, fatal disorder characterized by muscle weakness and spasticity due to the degeneration of motor neurons in the brain and spinal cord. It is the most common adult motor neuron disease with a 3-to 5-year disease course, ultimately ending in respiratory failure [1] . Most cases of ALS are sporadic, with about 10% having a family history of the disease [2] . Of the familial cases, dominantly inherited mutations in the Cu/Zn superoxide dismutase SOD1 are the most commonly identified cause, seen in ϳ 20% [3] . This discovery became the basis for the widely used transgenic SOD1 rodent models that have been a major focus of basic research and preclinical testing for ALS. While SOD1 mice recapitulate key features of human ALS and have led to the identification of numerous molecular pathways involved in disease, the mechanism of SOD1 mediated motor neuron toxicity remains incompletely understood [1] , and pharmacologic agents that modify disease course in SOD1-based rodent models have not produced successful therapies for patients [4] . This suggests that SOD1 models may not accurately reflect the common sporadic form of ALS, and supports that additional animal models would be useful to advance understanding of disease mechanisms and improve therapeutics development.
Although ALS is traditionally thought of as a disease which spares cognitive function, recent studies support that frontotemporal lobar degeneration (FTLD) is common in ALS patients [5] . FTLD is a dementing disorder due to degeneration of non-motor frontal and temporal lobe structures, typically characterized by behavioral changes and language dysfunction [6, 7] . Likewise, examination of a cohort of FTLD patients found that up to 36% have evidence of clinical or subclinical motor neuron disease, suggesting that FTLD and ALS may actually represent different ends of a single clinical spectrum [8] . The idea that ALS and FTLD represent different clinical manifestations of a single underlying neurodegenerative disease first gained broader support after inclusions of insoluble TDP-43 [43 kDa transactivation response (TAR) DNA-binding protein] were reported in both ALS and FTLD [9] . While normally located in the nucleus, in ALS and FTLD tissues TDP-43 was found to be accumulated in cytoplasmic inclusions, frequently with diminished nuclear staining, as well as post-translationally modified (phosphorylated, ubiquitinated, and cleaved into C-terminal fragments; fig. 1 ) [9] . TDP-43 is a multi-functional DNA/RNA binding protein [10] [11] [12] known to play a role in transcriptional and splicing regulation, micro-RNA processing, and RNA transport [reviewed in 13 ] .
The subsequent identification of missense mutations in TDP-43 in familial and sporadic ALS [14] [15] [16] [17] [18] and FTLD patients [19] [20] [21] [22] confirmed that TDP-43 can be directly involved in the pathogenesis of ALS/FTLD, at least in these rare familial cases. Essentially all of the dominantly inherited missense mutations in TDP-43 are located in the C-terminal prion-related domain [23] , but how these mutations alter the normal functions of the protein remain poorly understood ( fig. 1 ). The recent identification of mutations in another RNA binding protein (FUS/TLS) in familial ALS further argues for the importance of RNA processing in ALS pathogenesis [24, 25] . Studies suggest TDP-43 and FUS/TLS are located in the same nuclear complexes [26, 27] , and inclusions in sporadic ALS stain for both proteins [28] , supporting that TDP-43 and FUS/TLS may function in similar molecular pathways. 
Color version available online
While mutations in TDP-43 are only observed in ALS and FTLD, TDP-43 inclusions are present in at least a subset of cases of most neurodegenerative diseases. These include Alzheimer's disease, Huntington's disease, and even inclusion body myopathies [29] [30] [31] [32] . It remains to be determined in diseases other than ALS and FTLD whether TDP-43 is central to the pathophysiology, or rather is a nonspecific marker of neurodegeneration and cellular stress.
Transgenic animal models play a central role in neurodegenerative disease research, as they provide a useful avenue for investigating disease pathomechanisms. Here we review recently developed vertebrate and invertebrate models of TDP-43-related neurodegeneration, and discuss how these influence our understanding of human ALS and FTLD.
Overview of TDP-43 Transgenic Rodent Models
As TDP-43 mutations in ALS are dominantly inherited, the first approaches taken to modeling TDP-43-related neurodegeneration in rodents were to express human TDP-43 cDNAs (either wild-type or disease mutants) under the control of various exogenous promoters ( table 1 ) . This has proved challenging depending on the promoter used, because high level expression of wildtype TDP-43 can be toxic in cultured cells [33] [34] [35] . This is in marked contrast to wild-type SOD1, which is nontoxic when expressed even at very high levels. While the first transgenic mouse model of SOD1 [36] was published within a year of reports of ALS-associated mutations in SOD1 [3] , it took several years for the first mouse models to be developed after TDP-43 was found to be a major disease protein in ALS [37] [38] [39] [40] [41] [42] . Three groups reported that when either wild-type or ALS-mutant TDP-43 was driven by the mouse prion protein promoter expressed widely during development, few founders were obtained with most dying shortly after birth, suggesting marked developmental toxicity of TDP-43 overexpression [37, 39, 43] . Alternative approaches using transgenic expression of TDP-43 under either the Thy-1.2 or CaMKII promoters (mainly expressed postnatally) in mice, or an inducible tetracycline (Tet) regulatory system in rats, were able to circumvent developmental toxicity [38, 40, 42, 43] . The following is a brief summary of the experimental approach and phenotype of each of the different rodent models, grouped by the promoters used to drive TDP-43 expression.
Mouse Prion Protein Promoter-Based TDP-43 Overexpression
The mouse prion protein (mPrp) promoter drives expression of transgenes at high levels in the nervous system, and has successfully been used to model dominantly inherited forms of neurodegenerative diseases [44, 45] . Using the mPrp promoter, our group reported a transgenic mouse line that expressed a human TDP-43 cDNA transgene with the A315T mutation, carrying an aminoterminal Flag tag (Prp-TDP43 A315T ). This drove expression in most tissues, but was highest in neurons and glia in the brain and spinal cord, ϳ 3-fold over endogenous TDP-43 [37] . Prp-TDP43 A315T mice were born at expected mendelian ratios, appeared normal and weighed the same as their littermates until early adulthood. At about 3 months of age, Prp-TDP43 A315T mice developed an abnormal gait, and at ϳ 4.5 months started losing weight, with progression of their gait abnormality and death by ϳ 5 months from inability to right or feed themselves. Although we were unable to propagate a matching wildtype TDP-43 line, we observed numerous founders of both WT and A315T mutant which died prior to weaning similar to other reports [unpubl. data] .
Two other groups have also reported transgenic mice expressing either wild-type or disease mutant TDP-43 using the mPrp promoter [39, 41] . Overall the phenotype of these mice was quite similar to the Prp-TDP43 A315T line. Stallings et al. [39] reported that numerous founders expressing high levels of WT, A315T or M337V TDP-43 showed runting and early demise before the lines could be propagated . A line expressing 'intermediate' levels ( ϳ 4-fold above endogenous) of TDP43 A315T developed a progressive motor phenotype and survived ϳ 75 days, with findings of muscle denervation, ubiquitin-positive inclusions in motor neurons, and gliosis in the ventral horn on histology. By comparison, TDP43
WT expression (at slightly lower levels) under the mPrp promoter did not produce an overt phenotype out to 11 months, though rare neurons in the CNS showed a diffuse increase in cytoplasmic ubiquitin staining.
Xu et al. [41] reported analysis of a line expressing TDP43
WT under the mPrp promoter . As their hemizygous mice did not have a behavioral or pathologic phenotype, they focused analysis on homozygous transgenic mice. Homozygous Prp-TDP43
WT mice developed a severe early onset phenotype, characterized by weight loss starting at 14 days, progressive gait disorder, and death by 1-2 months. The fact that hemizygous mice were normal, but homozygous mice developed severe early lethality, supports that not only is there a dose dependency to TDP- Al though several groups reported founder analysis (see text), only lines which could be propagated are listed. Symptom onset was variously defined as the beginning of abnormal gait, weight loss or tremor. mPrp = Mouse prion protein promoter; CaMKII = calcium/calmodulin-dependent kinase II; TRE = tetracycline response element; LMN = lower motor neurons; NR = not reported. 43 overexpression toxicity in vivo, but there is also a strong threshold effect ( fig. 2 ).
Thy-1.2 Promoter-Based TDP-43 Overexpression
The Thy-1.2 promoter was engineered to drive neuronal expression of transgenes, such that insertion of the transgene removes the transcriptional control elements for thymic expression, leaving only neuronal expression intact [46, 47] . An additional well described property of Thy-1.2 is the variegate expression patterns that it produces, with marked line to line variability based on insertion site effects [48] . Wils et al. [38] reported that expression of wild-type human TDP-43 under the Thy-1.2 promoter produced a similar phenotype to the mPrp promoter-based lines, with rapidly progressive paralysis and neurodegeneration in the highest expressing line. Similar to the mPrp lines, the Thy1.2-TDP43
WT lines demonstrated both dose-dependency and a threshold effect of TDP-43 toxicity. The highest expressing lines crossed to homozygosity developed gait abnormalities at 2 weeks of life and survived less than 1 month, with lower-expressing homozygous lines surviving to 6.7 months, and hemizygous lines with little or no phenotype and a normal lifespan. They estimated that the highest expressing line was ϳ 5-fold over endogenous TDP-43 levels in neurons cultured from the mice; however, given the marked variability in Thy-1.2 promoter expression in different neuronal subtypes [48] , TDP-43 expression may be much higher or lower in different neuronal populations in the mature animals.
A second group also recently reported several transgenic mouse lines expressing wild-type TDP-43 under the Thy-1.2 promoter, and observed similar results [42] . The highest expressing line was runted and died by 3 weeks of age, while lower expressing lines developed body weight reduction and gait abnormalities without premature death. The lower level expressing lines showed sexual dimorphism, with lower transgene expression level and a milder phenotype observed in female mice (see table 1 ). Histologic analysis of a lower expressing line showed that though there was no motor neuron loss, neuromuscular junctions and axonal mitochondria were morphologically abnormal, and the origin of the tremor and gait disorder was thought to be functional rather than degenerative [42] .
CaMKII Promoter-Based TDP-43 Overexpression
The Ca 2+ /calmodulin-dependent kinase II (CaMKII) promoter drives neuronal expression predominantly in the forebrain (neocortex, hippocampus, amygdala and basal ganglia), and hence is similar to the Thy-1.2 promoter except it does not drive expression in the brainstem or spinal cord [49] . A transgenic line expressing wildtype mouse TDP-43 under the CaMKII promoter developed behavioral and motor abnormalities as measured on Morris water maze and rotarod testing, with a slightly shortened lifespan (495 days for CaMKII-TDP43
WT vs. 632 days for nontransgenic mice) [40] . Brain atrophy and cortical neuron loss were observed in 6-month-old mice, and attenuated LTP was present in hippocampal slice preps. Given that the CaMKII promoter is expressed in upper motor neurons in the cortex, degeneration of the descending corticospinal tracts was likely responsible for the abnormal clasping reflex and motor testing observed in these mice [40] , indicating they likely have features of both FTLD and primary lateral sclerosis, an upper motor neuron predominant variant of ALS. Of note, this is the only transgenic reported thus far using the mouse cDNA, demonstrating that toxicity from TDP-43 overexpression is not specific to the human protein.
Endogenous and Tet-Inducible Promoter-Based Rat Models
Wild-type and mutant TDP-43-expressing rat models have also been reported [43] . Using a human TDP-43 'mi- Fig. 2 . Schematic plot of the relationship between expression levels of TDP-43 and SOD1 and the development of features of ALS ('phenotype'). Low levels of TDP-43 produce little or no detectable phenotype. At a threshold of expression around 3-fold above endogenous levels, mice begin to develop features of ALS and FTLD pathology. Although the ALS-associated mutants appear to be more toxic than the wild-type protein, this still needs to be carefully examined given the mix of different promoters used to make existing mouse lines. In the case of SOD1, much higher levels are required to produce toxicity ( ϳ 20 fold); however, the difference in toxicity between mutant and wild-type SOD1 forms is much more pronounced.
nigene' construct with all exons and flanking control regions presumably containing the endogenous promoter, rats expressing wild-type or M337V mutant TDP-43 minigenes at similar levels were generated. While wild-type TDP-43-expressing rats were normal, founders expressing the M337V mutant showed a severe progressive paralysis phenotype and did not survive long enough to breed. This suggested that disease mutant TDP-43 driven at the same level and under the same promoter is more toxic than the wild-type protein. This group also made rats expressing a TDP43 M337V mutant cDNA under a Tetracycline repressible promoter, and found that induction of transgene expression shortly before birth produced a dose-dependent progressive gait disorder with degeneration of spinal motor neurons, similar to the mouse models described above [43] .
Taken together these studies indicate several important points: (1) transgenic expression of TDP-43 in neurons produces neurodegeneration in a dose-dependent fashion in rodents; (2) there appears to be a threshold effect, i.e. TDP-43 expression below a certain level yields little detectable toxicity, while expression above that level leads to neurodegeneration; (3) wild-type TDP-43 can cause similar toxicity to ALS-associated disease mutants if driven at high enough levels, and (4) ALS-associated disease mutants appear to be more toxic than wild-type TDP-43, though direct comparisons are still lacking ( fig. 2 ) .
Insights from Animal Models on the Mechanism of TDP-43-Related Neurodegeneration
If these transgenic models produce a neurodegenerative phenotype with features of ALS and FTLD, what insight do they provide into the mechanism of TDP-43-related neurodegeneration seen in familial ALS from TDP-43 mutations, and possibly other disorders where abnormal TDP-43 pathology (i.e. cytoplasmic inclusions, nuclear clearing) is present? Based on observations from human pathologic material and studies in cultured cells, several hypotheses regarding the mechanism of TDP-43-related neurodegeneration have been proposed [13, 50, 51] . These can be broadly broken down into 2 themesnuclear toxicity and cytoplasmic toxicity. The nuclear toxicity theory postulates that either alteration or loss of TDP-43 nuclear function (transcription, splicing, miR-NA processing, etc.) leads to toxicity. The cytoplasmic toxicity theory states that TDP-43 mislocalized to the cytoplasm (either soluble or insoluble, full length or cleaved into C-terminal fragments) is the primary toxic event. This cytoplasmic toxicity may occur either by sequestering and inactivating endogenous nuclear TDP-43 (hence unifying the nuclear and cytoplasmic theories) or through some other unrelated toxic gain of function (promotion of stress granule formation, etc.). In the following sections we will discuss insights into these proposed mechanisms that can be gleaned from existing rodent models.
Cytoplasmic TDP-43 Inclusions as Mediators of TDP-43-Related Toxicity
Cytoplasmic TDP-43 inclusions are present in most cases of ALS and FTLD-U (FTLD with ubiquitinated inclusions) [9, 52, 53] . Abnormal protein inclusions are a hallmark finding in most neurodegenerative diseases, and debate continues in each of these diseases as to whether inclusions are toxic to neurons, are protective, or are simply a by-product of another toxic process involving the protein in question. In the case of TDP-43, cytoplasmic inclusions form the basis of 1 version of the cytoplasmic toxicity theory -that inclusions of TDP-43 themselves mediate neurodegeneration.
One striking feature of most of the reported rodent models is that while ubiquitinated inclusions are common in vulnerable neurons prior to degeneration, these inclusions either rarely [38, 39, 41] or never [37, 42] stain for TDP-43 itself. Antibodies which stain phosphorylated TDP-43 appear to be more sensitive at detecting these rare TDP-43 positive inclusions. Although the frequent ubiquitinated inclusions in Prp-TDP43 A315T mice do not stain for TDP-43, subsequent examination using phospho-specific TDP-43 antibodies has confirmed that a minority of inclusions do stain for phosphorylated TDP-43 [unpubl. data]. However, the fact remains that the majority of ubiquitinated inclusions in the reported TDP-43 transgenic rodent models do not stain for TDP-43 or phospho-TDP-43. Though it is possible that this is due to technical differences, after 5 independent reports of similar findings this becomes less likely.
If the frequent ubiquitinated inclusions in TDP-43-based transgenic models rarely contain TDP-43, what do they contain? Two recent reports used electron microscopy and immunostaining to show that spinal motor neurons of TDP-43 transgenic animals contained large perinuclear accumulations of mitochondria [41, 42] . These mitochondrial accumulations were observed whether wild-type TDP-43 was driven with Thy-1.2 or mPrp, and we have also observed similar mitochondrial accumulations in the Prp-TDP43
A315T line [Wegorzewska and Baloh, unpubl . data], indicating this is not specific to a particular promoter or expression of wild-type versus ALS disease mutant constructs. Further work will be needed to determine the significance of this finding, but given several lines of evidence implicating mitochondrial dysfunction in SOD1 models of ALS [54] , this presents a possible common downstream pathway in both TDP-43-and SOD1-related ALS.
While the fact that TDP-43 inclusions are rare despite widespread neurodegeneration is clearly contrary to the hypothesis that cytoplasmic inclusions of TDP-43 are a necessary step for TDP-43-related neurodegeneration, it does not refute the idea that aberrant TDP-43 aggregation may still play a key role in toxicity. TDP-43 is an inherently aggregation-prone protein [55] , particularly in its C-terminal region which contains a Q/N rich prionrelated domain [23] . Indeed, soluble oligomeric species of neurodegenerative disease-related proteins are being recognized as potential key players in disease pathogenesis, and there is evidence that such species (possibly in the form of C-terminal fragments) are present in TDP-43 transgenic rodent models.
C-Terminal Fragments as Potential Mediators of TDP-43 Toxicity
A second version of the cytoplasmic toxicity theory posits that cleaved C-terminal fragments of TDP-43 mediate TDP-43-related neurodegeneration. TDP-43 was initially found to be proteolytically cleaved into C-terminal fragments in tissue from ALS and FTLD-U patients, but not in tissues from patients with other neurodegenerative diseases [9] . These C-terminal fragments were seen in the detergent-insoluble phase of biochemically fractionated brain tissue, and have been suggested to form the basis of TDP-43 cytoplasmic inclusions [9] . In vitro evidence also supports the idea that C-terminal fragments of TDP-43 may mediate toxicity, as the expression of engineered C-terminal TDP-43 fragments is more toxic to cultured cells than full length TDP-43 [34, 56] . Of note, 35-and 25-kDa C-terminal fragments of TDP-43 are observed in all but 1 of the rodent models generated, expressing either the mutant or wild-type forms of TDP-43, under various promoters [37] [38] [39] [40] [41] 43] . In the Prp-TDP43 A315T mice these were present before behavioral or histologic abnormalities occurred, supporting a possible early or causative role [37] . Surprisingly, in the rodent models Cterminal fragments were present predominantly in the detergent-soluble fractions, unlike that observed in human patients, perhaps correlating to the fact that cytoplasmic TDP-43 inclusions are rarely present. In summary, existing rodent models support the possibility that Cterminal TDP-43 fragments could play a direct toxic role in TDP-43-related neurodegeneration, but these findings are still correlative and do not prove causation. Indeed in the one model that did not observe C-terminal fragments of TDP-43, sub-lethal TDP-43 toxicity to motor neurons was clearly documented [42] . Therefore, further work is certainly needed to clarify how and why the fragments are generated, and whether they are a direct mediator or instead a byproduct of TDP-43 toxicity.
Loss of Nuclear TDP-43 as a Mechanism of Neurodegeneration
In addition to the presence of TDP-43 inclusions, loss of nuclear TDP-43 staining is commonly observed in affected neurons in ALS and FTLD [9] ( fig. 1 a) , leading to the suggestion that a secondary loss of TDP-43 function may be involved in neurodegeneration [13] . To understand the effects of loss of TDP-43, several groups have generated TDP-43 null alleles in mice [57] [58] [59] . In all cases, homozygous null mice showed early embryonic lethality due to defective outgrowth of the inner cell mass. Heterozygous mutant mice were normal and did not display pathologic changes in the brain or spinal cord, though 1 group reported subtle behavioral abnormalities in aged mice [59] . These studies indicate that TDP-43 is essential for embryonic development, and are consistent with a role for TDP-43 in fundamental aspects of RNA metabolism. Furthermore it is consistent with the observation that loss of TDP-43 is toxic even in cultured cells [60, 61] , and may relate to why TDP-43 shows such marked toxicity when overexpressed during development.
Whether loss of TDP-43 in mature neurons causes neurodegeneration in ALS or FTLD remains to be answered. However a recent report showed that removal of TDP-43 globally from adult mice (using a floxed Tardbp allele crossed to Rosa26-ErCre mice, treated as adults with tamoxifen) led to rapid demise within ϳ 9 days [62] . These mice had selective loss of body fat due to increased fatty acid oxidation, possibly from to misregulation of the putative TDP-43 target gene Tbc1d1 . Though the relevance of this finding to neurodegeneration in ALS and FTLD remains unclear, the finding is intriguing as alterations in fatty acid metabolism have previously been proposed to play a role in ALS pathogenesis [63] .
Similar to observations in human ALS and FTLD brains and spinal cords, several of the transgenic rodent models showed loss of nuclear TDP-43 staining in selectively vulnerable neurons prior to overt degeneration [37, 38] . In some cases this corresponded to an increase of TDP-43 in the cytosol. These findings are consistent with the possibility that loss of nuclear TDP-43 plays a role in neurodegeneration, though the reason for TDP-43 translocation from the nucleus remains unclear. One must keep in mind that translocation of TDP-43 from the nucleus to the cytosol has also been observed in motor neurons after axotomy [64] , and therefore further studies are needed to determine if this change in the subcellular distribution of TDP-43 is mediating disease or is simply a nonspecific response to injury.
Altered or Gain of Nuclear TDP-43 Function as a Mechanism of Neurodegeneration from TDP-43 Mutations or Overexpression
While loss of nuclear TDP-43 function is frequently discussed as a potential basis of TDP-43-related neurodegeneration, another possibility is that ALS-associated TDP-43 mutations (or simply TDP-43 overexpression in the case of the transgenic mouse models) may alter protein binding partners or DNA/RNA targets thus leading to toxicity, either through changes in alternative splicing, transcriptional regulation, or other nuclear TDP-43 functions. In this respect, 1 report found that overexpression of wild-type TDP-43 in mice led to an increased number of Gemini bodies in the nucleus [42] . Gemini bodies are rich in SMN (survival motor neuron) protein, and are required for assembling snRNPs, critical components of the pre-mRNA splicing apparatus. Decreased levels of SMN protein lead to a childhood onset motor neuron disease called spinal muscular atrophy [65] . A previous study indicated that TDP-43 overexpression enhances exon 7 inclusion and stability of the SMN2 transcript in cultured cells [66] , which could in part be responsible for the altered SMN distribution and increased numbers of Gemini bodies in these mice. Whether increased numbers of Gemini bodies somehow damage motor neurons remains to be determined, and this may be only 1 of many toxic effects which occur due to TDP-43 overexpression in the nucleus.
Selective Vulnerability and Altered Protein Homeostasis as Key Features in TDP-43 Transgenic Models
The fact that overexpression of wild-type TDP-43 can be toxic to immortalized tumor cell lines [33] [34] [35] raises concern that when TDP-43 is overexpressed in a rodent, fly or worm model, the toxicity observed may be unrelated to the mechanism of how TDP-43 mutations cause ALS in humans. However, the most promising finding in the rodent models reported thus far is that despite widespread transgenic expression of TDP-43 in neurons throughout the brain and in other tissues, TDP-43 toxicity shows a striking predilection for spinal motor neurons and cortical layer V neurons, across several different promoters [37, 38, 43] . This parallels the cell populations predominantly affected in human ALS and FTLD, and is perhaps the strongest argument that the toxicity observed in rodent models overexpressing TDP-43 is not nonspecific, but instead is due to alterations in key molecular pathways involved in human ALS and FTLD. This provides a remarkable opportunity to study the molecular basis of selective vulnerability of this set of neurons to TDP-43 toxicity.
Dysfunctional protein homeostasis with abnormal accumulations of ubiquitinated proteins is a unifying theme across most neurodegenerative diseases [67] . In both ALS and FTLD, ubiquitinated cytoplasmic inclusions are a prominent finding in the brain and spinal cord of patients [68, 69] . In Prp-TDP43 A315T mice, cytoplasmic accumulation of ubiquitinated proteins occurred preferentially in layer V pyramidal neurons and spinal motor neurons prior to neuron loss [37] , with similar findings seen in Thy1.2-TDP43 WT mice [38] . This indicates that altered protein homeostasis with accumulation of misfolded proteins preceded neurodegeneration. Transgenic expression of ALS mutant TDP43 M337V in rats also showed selective damage of spinal motor neurons at early stages with increased ubiquitin staining, though cytoplasmic inclusions were not seen [43] . Given that TDP-43 itself is not a major component of these inclusions, future studies are needed to determine whether TDP-43 directly or indirectly leads to altered protein homeostasis in selectively vulnerable cells.
Comparison of TDP-43 and SOD1 Rodent Models of ALS
Mutations in SOD1 are found in ϳ 20% of familial ALS cases, and transgenic rodents expressing mutant SOD1 are the gold standard for animal-based ALS research as they develop progressive motor neuron degeneration and premature death [4, 70] . SOD1 is a ubiquitously expressed polypeptide whose best-understood function is the conversion of superoxide to water and hydrogen peroxide. In marked contrast to the embryonic lethality of TDP-43 null mice, SOD1 null mice are viable and do not develop motor neuron disease, supporting that loss of SOD1 function is not involved in ALS pathogenesis [71] . Most transgenic SOD1 animals have been engineered using the endogenous SOD1 promoter, which drives ubiquitous expression. Interestingly, mutant SOD1 overexpression must be achieved at very high levels (at least 20 ! over endogenous) to cause motor neuron disease within the mouse life span [72] , in marked contrast to the severe neurodegeneration observed with lower level overexpression of TDP-43 (likely in the range of ϳ 3-fold). Interestingly, mice overexpressing wild-type SOD1 also develop motor neuron disease, but with subclinical pathology and without premature death [73] . Though analogous to the toxicity observed with wildtype TDP-43, it is clear that the relative toxicity of mutant to wild-type protein is much greater for SOD1 than it is for TDP-43 ( fig. 2 ) .
The most widely studied SOD1 transgenic models express the G93A or G37R mutations, and show weakness starting in the hindlimbs and progressing to paralysis and premature death, with severity of phenotype increasing with increased copy number. Lower motor neurons appear most vulnerable to mutant SOD1 toxicity, with gait abnormalities and weight loss correlating with lower motor neuron loss, and relatively little cortical and corticospinal tract involvement reported [74] . By contrast, Prp-TDP43 A315T mice show cortical and descending corticospinal tract pathology before developing lower motor neuron degeneration correlating with the onset of gait abnormalities [37] . This suggests that although both SOD1 and TDP-43 cause toxicity predominantly to the motor system in mice, they appear to involve upper and lower motor neurons to different degrees.
Microglia are key mediators of neuroinflammation and along with macroglia become activated during times of stress or injury to the nervous system [75] , and in ALS are present in vulnerable regions of motor neuron loss [76, 77] . In SOD1 rodent models, proinflammatory mediators are expressed early in disease, supporting a possible role in disease initiation or progression [78] . Furthermore, extensive analysis using conditional removal of SOD1 in different cell types has shown that SOD1 toxicity is not cell autonomous to neurons, and that microglia and astrocytes play a key role in disease progression [79, 80] . Similar to the SOD1 models, the reported TDP-43 transgenic rodent models show that neurodegeneration is accompanied by marked microglial and astrocytic activation, with striking selectivity for cortical layer V in some cases [37] [38] [39] 41] . It is important to point out that the promoters used to generate existing TDP-43 transgenic mice are not expressed in microglia. Furthermore while mPrp is expressed widely in both neurons and astrocytes, the Thy-1.2 promoter is largely neuronal specific. Therefore, although more carefully targeted studies examining cell autonomy remain to be performed, preliminary evidence suggests that TDP-43 toxicity can autonomously be initiated by the neuron [38, 40] .
As with the TDP-43 models, SOD1 mutant transgenic mice show ubiquitin positive intracellular inclusions in motor neurons suggesting altered protein homeostasis may play a common role in neurodegeneration in both models [74] . However, misfolded SOD1 appears to be a key component of ubiquitinated inclusions in these mice, in contrast to the conspicuous lack of TDP-43 in most ubiquitinated inclusions in TDP-43 transgenic mice discussed above. Therefore although altered protein degradation pathways is a common feature, the mechanism by which SOD1 and TDP-43 alters protein homeostasis may differ. Other features reported in SOD1 mutant mice including axonal transport defects and glutamate mediated excitotoxicity remain to be characterized in TDP-43 transgenic rodents [41] .
Drosophila and C. Elegans TDP-43 Models
Invertebrate models offer powerful genetic tools, and now are frequently among the first animal models generated for newly identified neurodegenerative disease genes [81] . TDP-43 has functionally conserved homologues in both flies and worms [12] . Similar to mice, loss of TDP-43 function is deleterious, as deletion of the Drosophila homologue TBPH results in a semi-lethal [82] [83] [84] or lethal phenotype [85] . TBPH null flies that do survive show axonal loss and neuronal death [84] , locomotive defects, reduced life span, and abnormal neuromuscular junctions [82] , which can be partly rescued by expression of TDP-43 in motor neurons [82] .
Overexpression of human TDP-43 is also sufficient to cause neurodegeneration in Drosophila or C. elegans when driven selectively in neurons [35, 84, 86, 87] . Decreased locomotion and age-dependant axonal loss and neuronal death were observed when TDP-43 was expressed in mushroom bodies or motor neurons of flies [84] . The severity of the phenotype was dose-dependent, with higher expressing lines not surviving past the larval stage, and lower expressing lines showing movement defects, paralysis, and death [86] . When wild-type and M337V versions of TDP-43 were overexpressed in the fly eye, a modest degenerative phenotype was observed with wild-type TDP-43, but in the M337V disease mutant the phenotype was more severe [87] . This again suggests that though wild-type TDP-43 overexpression can itself be toxic, mutant forms of the protein may be more so. Of note: unlike the rodent models, TDP-43 overexpression in Drosophila and C. elegans has been performed only using neuronal specific promoters. Therefore, whether TDP-43 is selectively toxic to specific cell populations such as motor neurons has not been demonstrated in invertebrates as it has in rodent models.
While TDP-43 overexpression is clearly toxic in flies and worms, other features of TDP-43 pathology (ubiquitinated aggregates, TDP-43 fragmentation, cytoplasmic translocation and loss of nuclear TDP-43) have been less consistently reported. In flies overexpressing TDP-43, one study reported detergent insoluble full length TDP-43 [84] , while another found detergent soluble C-terminal fragments [87] , and a third found neither of these despite clear TDP-43 toxicity [86] .
As with rodent models, the exact site of TDP-43 toxicity (nucleus versus cytoplasm) remains unclear in fly and worm models. One study in flies reported that mislocalizing TDP-43 to the cytosol by mutating the nuclear localization signal (NLS) caused a degenerative phenotype similar to the wild-type protein, suggesting that the toxicity of TDP-43 occurs in the cytoplasm [87] . By contrast, the same NLS mutant expressed in worms was not toxic, leading to the suggestion that TDP-43 toxicity primarily occurs in the nucleus [35] . The origin of this discrepancy remains to be determined.
Despite apparent inconsistencies in certain aspects of the mechanism of TDP-43-related toxicity in lower organisms, it is clear that the identification of genetic modifiers remains the strength of the invertebrate models. This was nicely demonstrated by showing that ubiquilin (a known TDP-43 binding partner) [86] or ataxin-2 [88] can modify TDP-43 toxicity in invertebrate models, supporting that such screens will be useful for identifying proteins and pathways involved in TDP-43 mediated neurodegeneration.
Conclusion
The identification of mutations in TDP-43 in patients with familial ALS has represented a true breakthrough in ALS research, indicating that abnormalities in TDP-43 function can be a primary event in a cascade leading to neurodegeneration of a selective group of neurons. Furthermore, it appears that overexpression of TDP-43 in rodents can produce an ALS/FTLD like phenotype, suggesting that the molecular and cellular substrates of TDP-43 toxicity and selective vulnerability are shared between rodents and humans. Though the initial crop of rodent and invertebrate models have shown promise, as expected many questions remain. These include to what degree the wild-type and disease mutant forms of TDP-43 differ in their toxicity, what is the primary site of TDP-43 toxicity (nuclear, cytoplasm or both), and whether a loss or alteration in normal TDP-43 DNA/RNA binding protein function plays a role in disease. Though these questions are daunting, answering them may very well hold the key to developing effective therapies which are sorely needed for ALS and FTLD.
